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Introduction Questions of Interest

Questions of Interest

I What is the mechanism of energy loss?

I Weak-coupling (pQCD)
I Strong-coupling (AdS/CFT)

I What are the medium properties?

I q̂, so λ or σ
I cs , n, quasi-particle states
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Introduction Obtaining Answers

Obtaining Answers

I What is the mechanism of energy loss?

I Study parton modification after traversing a colored medium

I Study jets and their modification
I Study jet fragments and their modification

I What are the medium properties?

I Determine how the medium responds to the passage of a jet
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Introduction Why Two-Particle Correlations?

Why Two-Particle Correlations?

I Jets are more ideal but difficult
I You have to deal with the underlying event that flows, fluctuates, and

is large.
I We will hear how to deal with this at the end of the day.

I Legacy

I First jet-like measurements at RHIC
I First jet-like measurement in the 1970’s
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Introduction Why Two-Particle Correlations?

Two-Particle Correlation Legacy

I Experiments at the CERN ISR
used two particle to search for
evidence of jets in hadronic
collisions

BFS Collaboration Nucl. Phys. B145, 305 (1978)

CCHK Collaboration Nucl. Phys. B127, 1 (1977)
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Introduction Why Two-Particle Correlations?

Two-Particle Correlation Legacy

I Hadronic observables can be related to partonic observables...
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I But you have to average over events, and need to know zassoc ...
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Introduction Why Two-Particle Correlations?

Two-Particle Correlation Legacy

I The parton parameters are of interest in jet modification

Figure 6.5: Distribution of gluon transverse momentum with respect to the jet axis, kt (jT in the
text), for different energy (Ecut) and angular cuts (θc) of the gluons [28]. The vacuum distribution is
shown in the thin solid lines. The different colored lines indicate two different medium transport
properties (ωc). Dashed lines indicate medium response and different energy cuts. Hard, in-
medium gluon radiation results in increased yield at large kt (jT).

tions, D(z). Here, z is the longitudinal momentum fraction of a jet carried by a fragment. An1

example of a modification of the D(z) in medium [111] is shown in Figure 6.4. The characteris-2

tic pattern for energy loss is the suppression of high-z (high-pT) fragments whose lost energy is3

transported to lower-z (lower-pT) fragments. The ratio of the modified D(z) to the vacuum D(z)4

is below 1 at high z and above 1 at low z.5

Another tool to study gluon bremsstrahlung is by measuring the hard radiation from the in-6

teraction of the jet with the medium. This is done via the jT distribution. Here, jT is defined as the7

transverse momentum of a fragment with respect to the jet axis. The high-jT distribution is dom-8

inated by parton splitting in the fragmentation chain and should be enhanced by the additional9

hard radiation from jet-medium interactions. An example of the possible modification of the jT10

distribution [28] is shown in Figure 6.5. The plot shows different jT distributions (labeled as kt)11

for gluons from jet fragmentation and energy loss with different gluon energy cuts and different12

maximum angles from the original parton. Even with a 5 GeV cut on the gluons, which cuts away13

much of the underlying event background, additional gluons are measured at large jT resulting14

from the hard gluon radiation in the jet.15

The most insightful single measurement for energy loss might be the jet RAA. If all of the16

lost energy was recoverable by jet reconstruction, the jet spectrum should scale with Ncoll like the17

direct photon spectrum (see Figure 6.1). Consequently, any energy lost not recoverable by full jet18

reconstruction, will result in the softening of the jet spectrum and so the jet RAA < 1. This may be19

64

Salgado, Wiedemann Phys. Rev. Lett. 93 042301 (2004)
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FIG. 3: The angular distribution of |∆ϕ| ≥ π

2
di-hadrons for

central and peripheral A+A collisions. Solid and dashed lines
give separately the contribution of the radiative gluons and the
attenuated parent parton. The lower right panel compares the
the width of the correlation function in p+p to the one of the
suppressed parent parton in central A+A reactions.

the nuclear modification factor R(2)
AA. It now shows a clear

transition from a quenching of the away-side jet at high
transverse momenta to enhancement at pT2 ≤ 2 GeV, a
scale significantly larger than the one found in [9]. In fact,
we have checked that for large ∆Ed the back-to-back di-
hadron correlations are dominated by radiative gluons to
unexpectedly high pT2 ∼ 10 GeV. STAR data in central
and peripheral Au+Au collisions [4] is shown for com-
parison. It has been previously argued [20] that detailed
balance can also reduce jet suppression at partonic scales
p⊥d

≤ few µD, though such mechanism cannot produce
enhancement of the low transverse momentum particle
production observed in Fig. 2.

With a dominant contribution to the di-hadron yields,
the medium induced gluons are bound to also determine
the width of the correlation function. Two-particle dis-
tributions in A+A reactions, calculated from Eqs. (4)
and (8) for a pT1 = 6 GeV trigger pion and two dif-
ferent pT2 = 1, 4 GeV associated pions, are shown in
Fig. (3). Qualitatively, the medium-induced gluon com-
ponent to the cross section controls the growth of the
correlation width in central and semi-central nuclear col-
lisions. Quantitatively, the effect should be even larger
than the one estimated here, which is limited by the im-
posed 0 < θ∗ < π

2 constraint. The decisive role of the
bremsstrahlung spectrum, Eq. (2), in establishing the
∆ϕ-shape of away-side di-hadrons is further clarified in
the bottom right panel of Fig. 3. Hadronic fragments
from the quenched parton “d” only are shown to yield
a distribution that is not broader than the one antici-
pated in p+p reactions. Experimental measurements of
significantly enhanced widths for |∆ϕ| ≥ π

2 two-particle
correlation in A+A collisions should thus point to copi-

ous hadron production from medium-induced large angle
gluon emission.

In summary, we calculated the transverse momentum
and angular distribution of the away-side di-hadron cor-
relations in the framework of the perturbative QCD fac-
torization approach, augmented by inelastic jet interac-
tions in the quark-gluon plasma. At RHIC energies we
found that the medium-induced gluon radiation deter-
mines the two-particle yields and the width of their cor-
relation function to surprisingly high transverse momen-
tum pT2 ∼ 10 GeV. A robust transition from back-to-
back jet enhancement to back-to-back jet quenching is
established at pT2 ∼ 2 GeV. Subject to independent ex-
perimental confirmation, these results require a critical
reassessment of the origin of intermediate transverse mo-
mentum hadrons in central and semi-central nuclear col-
lisions. For jet physics studies at the LHC, our findings
ensure a measurable increase in the jet width in ultra-
dense nuclear matter.

Helpful discussion with P. Constantin, B. Jacak,
M. Johnson and F. Wang is gratefully acknowledged.
This work is supported by the J. R. Oppenheimer Fel-
lowship of the Los Alamos National Laboratory and by
the US Department of Energy.
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Results Correlations

Summary of Unidentified Charged Hadron Correlations

00-20% Au+Au (closed) and p+p (open) pT ,assoc →

←
p
T
,t
ri
g

PHENIX Phys. Rev. C78 014901 (2008)
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FIG. 36: (Color online) Per-trigger yield versus ∆φ for successively increasing trigger and partner pT (pa
T ⊗pb

T ) in p+p (open circles) and 0-20 % Au+Au (filled circles)
collisions. Data are scaled to the vertical axes of the four left panels. Histograms indicate elliptic flow uncertainties for Au+Au collisions.
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Results Correlations

Summary of Unidentified Charged Hadron Correlations

20-40% Au+Au (closed) and p+p (open) pT ,assoc →

←
p
T
,t
ri
g

PHENIX Phys. Rev. C78 014901 (2008)
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FIG. 37: (Color online) Per-trigger yield versus ∆φ for successively increasing trigger and partner pT (pa
T ⊗ pb

T ) in p + p (open circles) and 20-40 % Au+Au (filled
circles) collisions. Data are scaled to the vertical axes of the three left panels. Histograms indicate elliptic flow uncertainties for Au+Au collisions.
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Results Correlations

Summary of Unidentified Charged Hadron Correlations

60-92% Au+Au (closed) and p+p (open) pT ,assoc →

←
p
T
,t
ri
g

PHENIX Phys. Rev. C78 014901 (2008)
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FIG. 38: (Color online) Per-trigger yield versus ∆φ for successively increasing trigger and partner pT (pa
T ⊗ pb

T ) in p + p (open circles) and 60-92 % Au+Au (filled
circles) collisions. Data are scaled to the vertical axes of the three left panels. Histograms indicate elliptic flow uncertainties for Au+Au collisions.
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Results High pT

Focus on High-pT : h − h Widths

I Look first to high-pT where jets
dominate the pairs.

I Trigger h 8 < pT < 16 GeV

I Associated: h pT > 3 GeV

I Widths are show no modification
system width (rad)

d+Au 0.24± 0.07

20-40% Au+Au 0.20±0.02

0-20% Au+Au 0.22±0.02

STAR Phys. Rev. Lett. 97, 162301 (2006)

4

0.1

0.2

0.3

0.05

0.1

0.15

0.2

0.05

0.1

(a
s
s
o

c
) <

 4
T

3
 <

 p
(a

s
s
o

c
) <

 6
T

4
 <

 p
(a

s
s
o

c
) >

 6
T

p

 (rad)!"
0 # 0 # 0 #

d+Au Au+Au, 20-40% Au+Au, 0-5%

)
!

"
d

(d
N

 
tr

ig
N

1

FIG. 2: Azimuthal correlation histograms of high pT charged
hadrons for 8 < ptrig

T
< 15 GeV/c, for d+Au, 20-40% Au+Au

and 0-5% Au+Au events. passoc
T increases from top to bottom.

crease in correlated yield is expected if the correlation is
dominated by jet fragmentation, with higher ptrig

T biasing
towards higher ET jets. An away-side peak is not appar-
ent at the lowest ptrig

T , consistent with previous studies
of ∆φ correlations in central Au+Au collisions in simi-
lar ptrig

T and passoc
T ranges [12]. However, an away-side

peak emerges clearly above the background as ptrig
T is in-

creased. The narrow, back-to-back peaks are indicative
of the azimuthally back-to-back nature of dijets observed
in elementary collisions.

Figure 2 shows the ∆φ distributions for the highest
ptrig

T range in Fig. 1 (8 < ptrig
T < 15 GeV/c) for mid-

central (20-40%) and central Au+Au collisions, as well
as for d+Au collisions. passoc

T increases from top to bot-
tom; for the highest passoc

T (lower panels) the combinato-
rial background is negligible. We observe narrow correla-
tion peaks in all passoc

T ranges. For each passoc
T , the near-

side peak shows similar correlation strength above back-
ground for the three systems, while the away-side corre-
lation strength decreases from d+Au to central Au+Au.
For 8 < ptrig

T < 15 GeV/c and passoc
T > 6 GeV/c,

a Gaussian fit to the away-side peak finds a width of
σ∆φ = 0.24±0.07 for d+Au and 0.20±0.02 and 0.22±0.02
for 20-40% and 0-5% Au+Au collisions, respectively. No
significant dependence of the widths on system or cen-
trality is observed.

To quantify the correlated near- and away-side yields
we integrate the area under the peaks (near-side |∆φ| <
0.63; away-side |∆φ − π| < 0.63) and subtract the non-
jetlike background. In previous analyses at lower pT ,
anisotropic (“elliptic”) flow contributed significantly to
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FIG. 3: (color online) Centrality dependence (number of par-
ticipants NPart) of near- and away-side yield in 200 GeV
d+Au (leftmost points) and Au+Au collisions, for 8 < ptrig

T
<

15 GeV/c and various passoc
T ranges. A semi-log scale is used

and data for 3 < passoc
T < 4 GeV/c are scaled by 1.5 for clar-

ity. The error bars are statistical. The horizontal bars for
3 < passoc

T < 4 GeV/c show the systematic uncertainty due to
background subtraction; it is negligible for higher passoc

T .

the measured two-particle correlation, leading to large
uncertainties in the extraction of jet-like yields [14, 15].
In this analysis, the background contribution due to ellip-
tic flow is estimated using a function B · [1+ v2{passoc

T } ·
v2{ptrig

T } · cos(2∆φ)], where the v2 are extracted from
standard elliptic flow analysis [14] and B is fitted to the
region between the peaks (0.63 < |∆φ| < 2.51), and is
appreciable only for the lowest passoc

T range in Fig. 2. The
uncertainty in the magnitude of elliptic flow introduces
a small systematic uncertainty less than 5% on the ex-
tracted associated yields (Figure 3).

Figure 3 shows the centrality dependence of the near-
and away-side yield for the ptrig

T and passoc
T ranges of Fig-

ure 2. The leftmost points in each panel correspond to
d+Au collisions, which we assume provide the reference
distribution for jet fragmentation in vacuum. The near-
side yields (left panel) show little centrality dependence,
while the away-side yields (right panel) decrease with in-
creasing centrality. The away-side centrality dependence
is similar to our previous studies of dihadron azimuthal
correlations for lower pT ranges [12]. Note that the yields
in different passoc

T bins for a given centrality may exhibit
correlations due to their common trigger population.

The effect of the medium on dijet fragmentation can
be explored in more detail using the pT distributions of
near- and away-side associated hadrons. Fig. 4 shows the
trigger-normalized fragmentation function D(zT ), where
zT = passoc

T /ptrig
T [22]. D(zT ) is measurable without direct

knowledge of the parton energy. The zT range shown in
Fig. 4 corresponds to the passoc

T range for which dijets are
observed above background (see Fig. 2). The near-side
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ent at the lowest ptrig

T , consistent with previous studies
of ∆φ correlations in central Au+Au collisions in simi-
lar ptrig

T and passoc
T ranges [12]. However, an away-side

peak emerges clearly above the background as ptrig
T is in-

creased. The narrow, back-to-back peaks are indicative
of the azimuthally back-to-back nature of dijets observed
in elementary collisions.

Figure 2 shows the ∆φ distributions for the highest
ptrig

T range in Fig. 1 (8 < ptrig
T < 15 GeV/c) for mid-

central (20-40%) and central Au+Au collisions, as well
as for d+Au collisions. passoc

T increases from top to bot-
tom; for the highest passoc

T (lower panels) the combinato-
rial background is negligible. We observe narrow correla-
tion peaks in all passoc

T ranges. For each passoc
T , the near-

side peak shows similar correlation strength above back-
ground for the three systems, while the away-side corre-
lation strength decreases from d+Au to central Au+Au.
For 8 < ptrig

T < 15 GeV/c and passoc
T > 6 GeV/c,

a Gaussian fit to the away-side peak finds a width of
σ∆φ = 0.24±0.07 for d+Au and 0.20±0.02 and 0.22±0.02
for 20-40% and 0-5% Au+Au collisions, respectively. No
significant dependence of the widths on system or cen-
trality is observed.

To quantify the correlated near- and away-side yields
we integrate the area under the peaks (near-side |∆φ| <
0.63; away-side |∆φ − π| < 0.63) and subtract the non-
jetlike background. In previous analyses at lower pT ,
anisotropic (“elliptic”) flow contributed significantly to
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ity. The error bars are statistical. The horizontal bars for
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T < 4 GeV/c show the systematic uncertainty due to
background subtraction; it is negligible for higher passoc
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the measured two-particle correlation, leading to large
uncertainties in the extraction of jet-like yields [14, 15].
In this analysis, the background contribution due to ellip-
tic flow is estimated using a function B · [1+ v2{passoc

T } ·
v2{ptrig

T } · cos(2∆φ)], where the v2 are extracted from
standard elliptic flow analysis [14] and B is fitted to the
region between the peaks (0.63 < |∆φ| < 2.51), and is
appreciable only for the lowest passoc

T range in Fig. 2. The
uncertainty in the magnitude of elliptic flow introduces
a small systematic uncertainty less than 5% on the ex-
tracted associated yields (Figure 3).

Figure 3 shows the centrality dependence of the near-
and away-side yield for the ptrig

T and passoc
T ranges of Fig-

ure 2. The leftmost points in each panel correspond to
d+Au collisions, which we assume provide the reference
distribution for jet fragmentation in vacuum. The near-
side yields (left panel) show little centrality dependence,
while the away-side yields (right panel) decrease with in-
creasing centrality. The away-side centrality dependence
is similar to our previous studies of dihadron azimuthal
correlations for lower pT ranges [12]. Note that the yields
in different passoc

T bins for a given centrality may exhibit
correlations due to their common trigger population.

The effect of the medium on dijet fragmentation can
be explored in more detail using the pT distributions of
near- and away-side associated hadrons. Fig. 4 shows the
trigger-normalized fragmentation function D(zT ), where
zT = passoc

T /ptrig
T [22]. D(zT ) is measurable without direct

knowledge of the parton energy. The zT range shown in
Fig. 4 corresponds to the passoc

T range for which dijets are
observed above background (see Fig. 2). The near-side
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FIG. 4: (color online) Upper panels: trigger-normalized
charged hadron fragmentation function D(zT ) with 8 <

ptrig
T

< 15 GeV/c, for near- (left) and away-side (right) corre-
lations in d+Au and Au+Au collisions at

√

sNN=200 GeV.
Dashed and solid lines described in text. Horizontal bars
on away-side show systematic uncertainty due to background
subtraction. Lower panels: ratio of D(zT ) for Au+Au relative
to d+Au. The error bars are statistical in all panels.

distributions (left panels) are similar over a broad range
of zT for all three systems, consistent with fragmentation
in vacuum.

The similarity of the near-side fragmentation patterns
could arise from small near-side energy loss due to a ge-
ometrical bias toward shorter in-medium path lengths
(“surface bias”), as generated in several model calcula-
tions [23, 24, 25, 26]. However, this similarity could also
result from energy-independent energy loss generating a
partonic energy distribution that is suppressed in Au+Au
but similar in shape to that in p+p collisions, with the
lost energy carried dominantly by low pT hadrons. A
leading-twist calculation of medium-modified dihadron
fragmentation functions in similar ptrig

T and passoc
T inter-

vals to those studied here [27] predicts a strong increase
in near-side associated yield for more central collisions,
though no such increase is observed in Figs. 3 and 4.

The lower right panel of Figure 4 shows the ratio of
away-side D(zT ) for 0-5% and 20-40% Au+Au relative
to d+Au. The ratio is approximately independent of zT

for zT > 0.4, with yield suppressed by a factor 0.25±0.06
for 0-5% Au+Au and 0.57±0.06 for 20-40% Au+Au col-
lisions. The away-side suppression for central collisions
has similar magnitude to that for inclusive spectra [10],
though such similarity is not expected a priori due to
the different nature of the observable. A model calcula-

tion based on BDMPS energy loss predicts a universal
ratio between away-side and inclusive suppression, with
the away-side yield more suppressed [26].

The solid line in Figure 4, upper right panel, is an ex-
ponential function fit to the d+Au distribution, with the
dashed lines having the same exponential slope but mag-
nitude scaled by factors 0.57 and 0.25. This illustrates
the similarity in shape of D(zT ) for different systems.
As discussed for Figure 2, the width of the away-side az-
imuthal distribution for high pT pairs is also independent
of centrality. To summarize our observations: strong
away-side high pT hadron suppression is not accompa-
nied by significant angular broadening or modification of
the momentum distribution for zT > 0.4.

A calculation incorporating partonic energy loss
through modification of the fragmentation function [22]
predicts the away-side trigger-normalized fragmentation
function to be suppressed uniformly for zT > 0.4 in cen-
tral Au+Au relative to p+p collisions, in agreement with
our measurement. However, the predicted magnitude of
the suppression is ∼ 0.4, weaker than the measured value
0.25 ± 0.06.

Energy loss in matter could be accompanied by
away-side azimuthal broadening, due either to medium-
induced acoplanarity of the parent parton [28] or to dom-
inance of the away-side yield by medium-induced gluon
radiation at large angle. An opacity expansion calcula-
tion [29] predicts that the away-side yield for large energy
loss is dominated by fragments of the induced radiation,
with a strongly broadened azimuthal distribution up to
pT ∼ 10 GeV/c. No azimuthal broadening of the away-
side parent parton is predicted, though its fragments are
obscured by the greater hadron yield from induced ra-
diation. In contrast, we observe strong away-side sup-
pression without large azimuthal broadening. However,
measurements at passoc

T < 1 GeV/c do show an enhance-
ment of the yield and significant azimuthal broadening
of the away-side peak [15].

Large energy loss is thought to bias the jet popula-
tion generating the high pT inclusive hadron distribution
towards jets produced near the surface and directed out-
ward [23, 24, 25, 26], which minimizes the path length
in the medium. For back-to-back dihadrons the total
in-medium path length is minimized by a different geo-
metric bias, towards jets produced near the surface but
directed tangentially. A model calculation [30] incorpo-
rating quenching weights finds dihadron production dom-
inated by such tangential pairs, with yield suppression
consistent with our measurements. Another calculation
based on quenching weights, which explicitly takes into
account the dynamical expansion of the medium [31], also
reproduces the measured suppression but finds a signif-
icant contribution from non-tangential jet pairs, due to
the finite probability to emit zero medium-induced gluons
in finite path length [22, 32] and to the rapid expansion
and dilution of the medium. In this model, the rela-

I Comparison of yields in d+Au
and Au+Au as a function of
zT = pT ,assoc/pT ,trigg

I Near-side yields similar between
d+Au and Au+Au

I Indicates small contribution
from ridge at these pT

I Away-side yields are suppressed
with IAA ∼ RAA
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FIG. 4: (color online) Upper panels: trigger-normalized
charged hadron fragmentation function D(zT ) with 8 <

ptrig
T

< 15 GeV/c, for near- (left) and away-side (right) corre-
lations in d+Au and Au+Au collisions at

√

sNN=200 GeV.
Dashed and solid lines described in text. Horizontal bars
on away-side show systematic uncertainty due to background
subtraction. Lower panels: ratio of D(zT ) for Au+Au relative
to d+Au. The error bars are statistical in all panels.

distributions (left panels) are similar over a broad range
of zT for all three systems, consistent with fragmentation
in vacuum.

The similarity of the near-side fragmentation patterns
could arise from small near-side energy loss due to a ge-
ometrical bias toward shorter in-medium path lengths
(“surface bias”), as generated in several model calcula-
tions [23, 24, 25, 26]. However, this similarity could also
result from energy-independent energy loss generating a
partonic energy distribution that is suppressed in Au+Au
but similar in shape to that in p+p collisions, with the
lost energy carried dominantly by low pT hadrons. A
leading-twist calculation of medium-modified dihadron
fragmentation functions in similar ptrig

T and passoc
T inter-

vals to those studied here [27] predicts a strong increase
in near-side associated yield for more central collisions,
though no such increase is observed in Figs. 3 and 4.

The lower right panel of Figure 4 shows the ratio of
away-side D(zT ) for 0-5% and 20-40% Au+Au relative
to d+Au. The ratio is approximately independent of zT

for zT > 0.4, with yield suppressed by a factor 0.25±0.06
for 0-5% Au+Au and 0.57±0.06 for 20-40% Au+Au col-
lisions. The away-side suppression for central collisions
has similar magnitude to that for inclusive spectra [10],
though such similarity is not expected a priori due to
the different nature of the observable. A model calcula-

tion based on BDMPS energy loss predicts a universal
ratio between away-side and inclusive suppression, with
the away-side yield more suppressed [26].

The solid line in Figure 4, upper right panel, is an ex-
ponential function fit to the d+Au distribution, with the
dashed lines having the same exponential slope but mag-
nitude scaled by factors 0.57 and 0.25. This illustrates
the similarity in shape of D(zT ) for different systems.
As discussed for Figure 2, the width of the away-side az-
imuthal distribution for high pT pairs is also independent
of centrality. To summarize our observations: strong
away-side high pT hadron suppression is not accompa-
nied by significant angular broadening or modification of
the momentum distribution for zT > 0.4.

A calculation incorporating partonic energy loss
through modification of the fragmentation function [22]
predicts the away-side trigger-normalized fragmentation
function to be suppressed uniformly for zT > 0.4 in cen-
tral Au+Au relative to p+p collisions, in agreement with
our measurement. However, the predicted magnitude of
the suppression is ∼ 0.4, weaker than the measured value
0.25 ± 0.06.

Energy loss in matter could be accompanied by
away-side azimuthal broadening, due either to medium-
induced acoplanarity of the parent parton [28] or to dom-
inance of the away-side yield by medium-induced gluon
radiation at large angle. An opacity expansion calcula-
tion [29] predicts that the away-side yield for large energy
loss is dominated by fragments of the induced radiation,
with a strongly broadened azimuthal distribution up to
pT ∼ 10 GeV/c. No azimuthal broadening of the away-
side parent parton is predicted, though its fragments are
obscured by the greater hadron yield from induced ra-
diation. In contrast, we observe strong away-side sup-
pression without large azimuthal broadening. However,
measurements at passoc

T < 1 GeV/c do show an enhance-
ment of the yield and significant azimuthal broadening
of the away-side peak [15].

Large energy loss is thought to bias the jet popula-
tion generating the high pT inclusive hadron distribution
towards jets produced near the surface and directed out-
ward [23, 24, 25, 26], which minimizes the path length
in the medium. For back-to-back dihadrons the total
in-medium path length is minimized by a different geo-
metric bias, towards jets produced near the surface but
directed tangentially. A model calculation [30] incorpo-
rating quenching weights finds dihadron production dom-
inated by such tangential pairs, with yield suppression
consistent with our measurements. Another calculation
based on quenching weights, which explicitly takes into
account the dynamical expansion of the medium [31], also
reproduces the measured suppression but finds a signif-
icant contribution from non-tangential jet pairs, due to
the finite probability to emit zero medium-induced gluons
in finite path length [22, 32] and to the rapid expansion
and dilution of the medium. In this model, the rela-
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FIG. 4: (color online) Upper panels: trigger-normalized
charged hadron fragmentation function D(zT ) with 8 <

ptrig
T

< 15 GeV/c, for near- (left) and away-side (right) corre-
lations in d+Au and Au+Au collisions at

√

sNN=200 GeV.
Dashed and solid lines described in text. Horizontal bars
on away-side show systematic uncertainty due to background
subtraction. Lower panels: ratio of D(zT ) for Au+Au relative
to d+Au. The error bars are statistical in all panels.

distributions (left panels) are similar over a broad range
of zT for all three systems, consistent with fragmentation
in vacuum.

The similarity of the near-side fragmentation patterns
could arise from small near-side energy loss due to a ge-
ometrical bias toward shorter in-medium path lengths
(“surface bias”), as generated in several model calcula-
tions [23, 24, 25, 26]. However, this similarity could also
result from energy-independent energy loss generating a
partonic energy distribution that is suppressed in Au+Au
but similar in shape to that in p+p collisions, with the
lost energy carried dominantly by low pT hadrons. A
leading-twist calculation of medium-modified dihadron
fragmentation functions in similar ptrig

T and passoc
T inter-

vals to those studied here [27] predicts a strong increase
in near-side associated yield for more central collisions,
though no such increase is observed in Figs. 3 and 4.

The lower right panel of Figure 4 shows the ratio of
away-side D(zT ) for 0-5% and 20-40% Au+Au relative
to d+Au. The ratio is approximately independent of zT

for zT > 0.4, with yield suppressed by a factor 0.25±0.06
for 0-5% Au+Au and 0.57±0.06 for 20-40% Au+Au col-
lisions. The away-side suppression for central collisions
has similar magnitude to that for inclusive spectra [10],
though such similarity is not expected a priori due to
the different nature of the observable. A model calcula-

tion based on BDMPS energy loss predicts a universal
ratio between away-side and inclusive suppression, with
the away-side yield more suppressed [26].

The solid line in Figure 4, upper right panel, is an ex-
ponential function fit to the d+Au distribution, with the
dashed lines having the same exponential slope but mag-
nitude scaled by factors 0.57 and 0.25. This illustrates
the similarity in shape of D(zT ) for different systems.
As discussed for Figure 2, the width of the away-side az-
imuthal distribution for high pT pairs is also independent
of centrality. To summarize our observations: strong
away-side high pT hadron suppression is not accompa-
nied by significant angular broadening or modification of
the momentum distribution for zT > 0.4.

A calculation incorporating partonic energy loss
through modification of the fragmentation function [22]
predicts the away-side trigger-normalized fragmentation
function to be suppressed uniformly for zT > 0.4 in cen-
tral Au+Au relative to p+p collisions, in agreement with
our measurement. However, the predicted magnitude of
the suppression is ∼ 0.4, weaker than the measured value
0.25 ± 0.06.

Energy loss in matter could be accompanied by
away-side azimuthal broadening, due either to medium-
induced acoplanarity of the parent parton [28] or to dom-
inance of the away-side yield by medium-induced gluon
radiation at large angle. An opacity expansion calcula-
tion [29] predicts that the away-side yield for large energy
loss is dominated by fragments of the induced radiation,
with a strongly broadened azimuthal distribution up to
pT ∼ 10 GeV/c. No azimuthal broadening of the away-
side parent parton is predicted, though its fragments are
obscured by the greater hadron yield from induced ra-
diation. In contrast, we observe strong away-side sup-
pression without large azimuthal broadening. However,
measurements at passoc

T < 1 GeV/c do show an enhance-
ment of the yield and significant azimuthal broadening
of the away-side peak [15].

Large energy loss is thought to bias the jet popula-
tion generating the high pT inclusive hadron distribution
towards jets produced near the surface and directed out-
ward [23, 24, 25, 26], which minimizes the path length
in the medium. For back-to-back dihadrons the total
in-medium path length is minimized by a different geo-
metric bias, towards jets produced near the surface but
directed tangentially. A model calculation [30] incorpo-
rating quenching weights finds dihadron production dom-
inated by such tangential pairs, with yield suppression
consistent with our measurements. Another calculation
based on quenching weights, which explicitly takes into
account the dynamical expansion of the medium [31], also
reproduces the measured suppression but finds a signif-
icant contribution from non-tangential jet pairs, due to
the finite probability to emit zero medium-induced gluons
in finite path length [22, 32] and to the rapid expansion
and dilution of the medium. In this model, the rela-
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FIG. 4: (color online) Upper panels: trigger-normalized
charged hadron fragmentation function D(zT ) with 8 <

ptrig
T

< 15 GeV/c, for near- (left) and away-side (right) corre-
lations in d+Au and Au+Au collisions at

√

sNN=200 GeV.
Dashed and solid lines described in text. Horizontal bars
on away-side show systematic uncertainty due to background
subtraction. Lower panels: ratio of D(zT ) for Au+Au relative
to d+Au. The error bars are statistical in all panels.

distributions (left panels) are similar over a broad range
of zT for all three systems, consistent with fragmentation
in vacuum.

The similarity of the near-side fragmentation patterns
could arise from small near-side energy loss due to a ge-
ometrical bias toward shorter in-medium path lengths
(“surface bias”), as generated in several model calcula-
tions [23, 24, 25, 26]. However, this similarity could also
result from energy-independent energy loss generating a
partonic energy distribution that is suppressed in Au+Au
but similar in shape to that in p+p collisions, with the
lost energy carried dominantly by low pT hadrons. A
leading-twist calculation of medium-modified dihadron
fragmentation functions in similar ptrig

T and passoc
T inter-

vals to those studied here [27] predicts a strong increase
in near-side associated yield for more central collisions,
though no such increase is observed in Figs. 3 and 4.

The lower right panel of Figure 4 shows the ratio of
away-side D(zT ) for 0-5% and 20-40% Au+Au relative
to d+Au. The ratio is approximately independent of zT

for zT > 0.4, with yield suppressed by a factor 0.25±0.06
for 0-5% Au+Au and 0.57±0.06 for 20-40% Au+Au col-
lisions. The away-side suppression for central collisions
has similar magnitude to that for inclusive spectra [10],
though such similarity is not expected a priori due to
the different nature of the observable. A model calcula-

tion based on BDMPS energy loss predicts a universal
ratio between away-side and inclusive suppression, with
the away-side yield more suppressed [26].

The solid line in Figure 4, upper right panel, is an ex-
ponential function fit to the d+Au distribution, with the
dashed lines having the same exponential slope but mag-
nitude scaled by factors 0.57 and 0.25. This illustrates
the similarity in shape of D(zT ) for different systems.
As discussed for Figure 2, the width of the away-side az-
imuthal distribution for high pT pairs is also independent
of centrality. To summarize our observations: strong
away-side high pT hadron suppression is not accompa-
nied by significant angular broadening or modification of
the momentum distribution for zT > 0.4.

A calculation incorporating partonic energy loss
through modification of the fragmentation function [22]
predicts the away-side trigger-normalized fragmentation
function to be suppressed uniformly for zT > 0.4 in cen-
tral Au+Au relative to p+p collisions, in agreement with
our measurement. However, the predicted magnitude of
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0.25 ± 0.06.

Energy loss in matter could be accompanied by
away-side azimuthal broadening, due either to medium-
induced acoplanarity of the parent parton [28] or to dom-
inance of the away-side yield by medium-induced gluon
radiation at large angle. An opacity expansion calcula-
tion [29] predicts that the away-side yield for large energy
loss is dominated by fragments of the induced radiation,
with a strongly broadened azimuthal distribution up to
pT ∼ 10 GeV/c. No azimuthal broadening of the away-
side parent parton is predicted, though its fragments are
obscured by the greater hadron yield from induced ra-
diation. In contrast, we observe strong away-side sup-
pression without large azimuthal broadening. However,
measurements at passoc

T < 1 GeV/c do show an enhance-
ment of the yield and significant azimuthal broadening
of the away-side peak [15].

Large energy loss is thought to bias the jet popula-
tion generating the high pT inclusive hadron distribution
towards jets produced near the surface and directed out-
ward [23, 24, 25, 26], which minimizes the path length
in the medium. For back-to-back dihadrons the total
in-medium path length is minimized by a different geo-
metric bias, towards jets produced near the surface but
directed tangentially. A model calculation [30] incorpo-
rating quenching weights finds dihadron production dom-
inated by such tangential pairs, with yield suppression
consistent with our measurements. Another calculation
based on quenching weights, which explicitly takes into
account the dynamical expansion of the medium [31], also
reproduces the measured suppression but finds a signif-
icant contribution from non-tangential jet pairs, due to
the finite probability to emit zero medium-induced gluons
in finite path length [22, 32] and to the rapid expansion
and dilution of the medium. In this model, the rela-
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Neutral pions are identified in each event through 2γ de-
cay by pairing all photons satisfying a minimum energy
threshold cut and requiring the reconstructed mass to lie
near the π0 mass peak. More restrictive cuts are used in
more central events and for lower-pT π0s to reduce the
rate of random associations and preserve a π0 identifica-
tion signal-to-background ratio (S/B) larger than 4:1 for
central Au+Au and 20:1 in p+p. A systematic uncer-
tainty of <1–6%, depending on S/B, is included for the
π0 signal extraction.
Charged hadron partners are reconstructed in the cen-

tral arms using the drift chambers (DC) with hit associa-
tion requirements in two layers of multi-wire proportional
chambers with pad readout (PC1 and PC3), achieving a
momentum resolution of 0.7% ⊕ 1.1%p (GeV/c). Only
tracks with full and unambiguous DC and PC1 hit infor-
mation are used. Projections of these tracks are required
to match a PC3 hit within a ±2σ proximity window to
reduce background from conversion and decay products.
All trigger-partner pairs satisfying the identification re-

quirements within an event are measured. These pairs
are corrected for the PHENIX acceptance through a pro-
cess of event mixing, and then background pairs which
are correlated through the reaction plane are subtracted.
The conditional jet pair multiplicity per trigger particle
is thus determined by:

1

N t

dNpair

d∆φ
=

Na

2πεa

[

dNpair
same/d∆φ

dNpair
mix /d∆φ

−ξ
(

1 + 2〈vt2va2 〉 cos (2∆φ)
)

]

, (1)

where N t (Na) is the number of trigger (associated)
particles [5]. The background modulation accounts for
quadrupole anisotropy only, and is assumed to factor-
ize such that 〈vt2va2 〉 ≈ 〈vt2〉〈va2 〉 [3]. The elliptic flow
coefficients, v2, are taken from recent PHENIX measure-
ments of neutral pions [18] and charged hadrons [19].
The background level, ξ, is determined in Au+Au
collisions using the absolute background subtraction
method [20]. A pedestal subtraction employing the zero-
yield-at-minimum (ZYAM) method is used in p+p. In
certain cases, e.g. very broad jets, the ZYAM method
could lead to an over-subtraction by removing signal
pairs. The effect is typically small in p+p where an ad-
ditional 6% global scale uncertainty is applied. Charged
hadron acceptance and efficiency corrections, εa, are cal-
culated via full detector simulations [5].
Figure 1 shows the resulting per-trigger jet pair yields

for selected trigger-partner combinations in p+p and the
20% most central Au+Au collisions. On the near side,
the widths in central Au+Au are comparable to p+p over
the full pt

T
and pa

T
ranges, while the yields are slightly en-

hanced at low pT , matching p+p as pT increases. On the
opposing side, qualitatively one observes that for low pt

T

and low pa
T
the Au+Au jet peaks are strongly broadened
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FIG. 1: (Color online) Per-trigger jet pair yield vs. ∆φ for se-
lected π0 trigger and h± partner pT combinations (ptT ⊗ paT )
in Au+Au and p+p collisions (solid and open symbols, respec-
tively). Depicted Au+Au systematic uncertainties include
point-to-point correlated background level and modulation
uncertainties (gray bands and open boxes, respectively). For
shape comparison insets show away-side distributions scaled
to match at ∆φ = π.

and non-Gaussian. In contrast, at high pt
T
and high pa

T

the yield is substantially suppressed, but the shape ap-
pears consistent with the measurement in the p+p case
(as has been previously reported in much broader pT
ranges for unidentified charged hadron triggers [4, 5]).
Here we quantify the trends in the shape and yield be-
tween these two extremes.
First, we have performed a fit to the away-side dis-

tribution over the range |∆φ − π| < π/2 to a simple
Gaussian distribution. Figure 2 shows the results. In
p+p collisions, the away-side width narrows at higher
trigger and partner momentum as expected from the an-
gular ordering of jet fragmentation. For pt

T
> 7 GeV/c,

the widths are consistent within uncertainties between
p+p and Au+Au at all pa

T
. There is no evidence of large

jet broadening from in-medium scattering [14] or from
initial state effects [21], expected for surviving partons
produced in the interior rather than the surface of the
medium. However, it is also possible that for high pt

T
the

broadening is modest for the leading parton and its frag-
mentation products and the radiated energy results in
only very low pa

T
hadrons (mostly with pa

T
< 0.5 GeV/c).

For pt
T

< 7 GeV/c, the away-side widths are signifi-
cantly wider than in p+p, except at the highest pa

T
. Note

that for pt
T
< 7 GeV/c and low pa

T
, the best fit σaway val-

ues are larger than π/2 radians. These trends in shape
are further quantified with the use of a χ2 test to exam-
ine the hypothesis that the central Au+Au jet shape on

Insets:
scaled Au+Au away-side to match p+p at ∆φ = π
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rate of random associations and preserve a π0 identifica-
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tainty of <1–6%, depending on S/B, is included for the
π0 signal extraction.
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tral arms using the drift chambers (DC) with hit associa-
tion requirements in two layers of multi-wire proportional
chambers with pad readout (PC1 and PC3), achieving a
momentum resolution of 0.7% ⊕ 1.1%p (GeV/c). Only
tracks with full and unambiguous DC and PC1 hit infor-
mation are used. Projections of these tracks are required
to match a PC3 hit within a ±2σ proximity window to
reduce background from conversion and decay products.
All trigger-partner pairs satisfying the identification re-

quirements within an event are measured. These pairs
are corrected for the PHENIX acceptance through a pro-
cess of event mixing, and then background pairs which
are correlated through the reaction plane are subtracted.
The conditional jet pair multiplicity per trigger particle
is thus determined by:
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where N t (Na) is the number of trigger (associated)
particles [5]. The background modulation accounts for
quadrupole anisotropy only, and is assumed to factor-
ize such that 〈vt2va2 〉 ≈ 〈vt2〉〈va2 〉 [3]. The elliptic flow
coefficients, v2, are taken from recent PHENIX measure-
ments of neutral pions [18] and charged hadrons [19].
The background level, ξ, is determined in Au+Au
collisions using the absolute background subtraction
method [20]. A pedestal subtraction employing the zero-
yield-at-minimum (ZYAM) method is used in p+p. In
certain cases, e.g. very broad jets, the ZYAM method
could lead to an over-subtraction by removing signal
pairs. The effect is typically small in p+p where an ad-
ditional 6% global scale uncertainty is applied. Charged
hadron acceptance and efficiency corrections, εa, are cal-
culated via full detector simulations [5].
Figure 1 shows the resulting per-trigger jet pair yields

for selected trigger-partner combinations in p+p and the
20% most central Au+Au collisions. On the near side,
the widths in central Au+Au are comparable to p+p over
the full pt

T
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T
ranges, while the yields are slightly en-

hanced at low pT , matching p+p as pT increases. On the
opposing side, qualitatively one observes that for low pt
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FIG. 1: (Color online) Per-trigger jet pair yield vs. ∆φ for se-
lected π0 trigger and h± partner pT combinations (ptT ⊗ paT )
in Au+Au and p+p collisions (solid and open symbols, respec-
tively). Depicted Au+Au systematic uncertainties include
point-to-point correlated background level and modulation
uncertainties (gray bands and open boxes, respectively). For
shape comparison insets show away-side distributions scaled
to match at ∆φ = π.

and non-Gaussian. In contrast, at high pt
T
and high pa

T

the yield is substantially suppressed, but the shape ap-
pears consistent with the measurement in the p+p case
(as has been previously reported in much broader pT
ranges for unidentified charged hadron triggers [4, 5]).
Here we quantify the trends in the shape and yield be-
tween these two extremes.
First, we have performed a fit to the away-side dis-

tribution over the range |∆φ − π| < π/2 to a simple
Gaussian distribution. Figure 2 shows the results. In
p+p collisions, the away-side width narrows at higher
trigger and partner momentum as expected from the an-
gular ordering of jet fragmentation. For pt

T
> 7 GeV/c,

the widths are consistent within uncertainties between
p+p and Au+Au at all pa

T
. There is no evidence of large

jet broadening from in-medium scattering [14] or from
initial state effects [21], expected for surviving partons
produced in the interior rather than the surface of the
medium. However, it is also possible that for high pt

T
the

broadening is modest for the leading parton and its frag-
mentation products and the radiated energy results in
only very low pa

T
hadrons (mostly with pa

T
< 0.5 GeV/c).

For pt
T

< 7 GeV/c, the away-side widths are signifi-
cantly wider than in p+p, except at the highest pa

T
. Note

that for pt
T
< 7 GeV/c and low pa

T
, the best fit σaway val-

ues are larger than π/2 radians. These trends in shape
are further quantified with the use of a χ2 test to exam-
ine the hypothesis that the central Au+Au jet shape on
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quadrupole anisotropy only, and is assumed to factor-
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coefficients, v2, are taken from recent PHENIX measure-
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The background level, ξ, is determined in Au+Au
collisions using the absolute background subtraction
method [20]. A pedestal subtraction employing the zero-
yield-at-minimum (ZYAM) method is used in p+p. In
certain cases, e.g. very broad jets, the ZYAM method
could lead to an over-subtraction by removing signal
pairs. The effect is typically small in p+p where an ad-
ditional 6% global scale uncertainty is applied. Charged
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FIG. 1: (Color online) Per-trigger jet pair yield vs. ∆φ for se-
lected π0 trigger and h± partner pT combinations (ptT ⊗ paT )
in Au+Au and p+p collisions (solid and open symbols, respec-
tively). Depicted Au+Au systematic uncertainties include
point-to-point correlated background level and modulation
uncertainties (gray bands and open boxes, respectively). For
shape comparison insets show away-side distributions scaled
to match at ∆φ = π.

and non-Gaussian. In contrast, at high pt
T
and high pa

T

the yield is substantially suppressed, but the shape ap-
pears consistent with the measurement in the p+p case
(as has been previously reported in much broader pT
ranges for unidentified charged hadron triggers [4, 5]).
Here we quantify the trends in the shape and yield be-
tween these two extremes.
First, we have performed a fit to the away-side dis-

tribution over the range |∆φ − π| < π/2 to a simple
Gaussian distribution. Figure 2 shows the results. In
p+p collisions, the away-side width narrows at higher
trigger and partner momentum as expected from the an-
gular ordering of jet fragmentation. For pt

T
> 7 GeV/c,

the widths are consistent within uncertainties between
p+p and Au+Au at all pa

T
. There is no evidence of large

jet broadening from in-medium scattering [14] or from
initial state effects [21], expected for surviving partons
produced in the interior rather than the surface of the
medium. However, it is also possible that for high pt

T
the

broadening is modest for the leading parton and its frag-
mentation products and the radiated energy results in
only very low pa

T
hadrons (mostly with pa

T
< 0.5 GeV/c).

For pt
T

< 7 GeV/c, the away-side widths are signifi-
cantly wider than in p+p, except at the highest pa

T
. Note

that for pt
T
< 7 GeV/c and low pa

T
, the best fit σaway val-

ues are larger than π/2 radians. These trends in shape
are further quantified with the use of a χ2 test to exam-
ine the hypothesis that the central Au+Au jet shape on
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FIG. 2: (Color online) Away-side jet widths from a Gaussian
fit by h± partner momentum for various π0 trigger momenta
in p+p (open circles), midcentral 20–60% Au+Au (solid cir-
cles), and central 0–20% Au+Au collisions (squares). For
comparison, an interpolation of the p+p is depicted (curve).
In cases where the best fit σaway > π/2 radians, the point is
off the plot.

the near and away side is the same as the p+p jet shape.
For pt

T
>7 GeV/c, agreement is found for all pa

T
. How-

ever, for pt
T
at 5–7 (4–5) GeV/c, the agreement worsens

sharply for pa
T

< 3 (4) GeV/c as the away-side jet be-
comes increasingly broad. For example, the p-values for
agreement between the p+p and Au+Au shapes for pa

T

= 1-2 GeV/c are very small (< 10−4) for pt
T
= 4–5 and

5–7 GeV/c, but indicate reasonable agreement (0.33 and
0.16) for pt

T
= 7–9 and 9–12 GeV/c, respectively. The

statistical precision of the experimental data does not
allow conclusion of a sharp transition in the shape; how-
ever, there is a clear indication of a trend towards either
much smaller modification or unmodifed jet shapes for
higher pt

T
at all pa

T
. To confirm this finding, we compared

the away-side distributions in Au+Au central events for
pt
T
5–7 GeV/c with pt

T
7–9 GeV/c for pa

T
1–2 GeV/c (see

Fig. 1) and find the probability that they have a common
source is small (p-value < 0.07).

The lack of large away-side shape modification for pt
T

> 7 GeV/c and pa
T
< 3 GeV/c is surprising as medium

response effects are not generally expected to decrease
at larger pt

T
. In descriptions where the medium-induced

energy loss (∆E) is nearly proportional to the initial par-
ton energy (E) [22], and where the lost energy produces
a medium response, a larger medium modification is ex-
pected for higher momentum partons. Within our statis-
tical precision, no evidence for this is seen; rather, the op-
posite is found. However, should ∆E/E fall steeply with
increasing parton pT , an increased contribution from par-
tons which have lost little energy could make an observa-
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FIG. 3: (Color online) Away-side IAA for a narrow “head”
|∆φ− π| < π/6 selection (solid squares) and the entire away-
side, |∆φ−π| < π/2 (solid circles) vs. h± partner momentum
for various π0 trigger momenta. Calculations from two dif-
ferent predictions are shown for the head region in applicable
pT ranges. A point-to-point uncorrelated 6% normalization
uncertainty (mainly due to efficiency corrections) applies to
all measurements. For comparison, π0 RAA [23] bands are
included where ptT > 5 GeV/c.

tion of the medium response more difficult. In alternative
models of fluctuating background correlations [12, 13],
the modification is predicted to diminish at higher trigger
pT as the background contribution drops, in agreement
with observations.

In addition to the shape modification measurement,
the away-side integrated yield is determined. Away-
side jet yield modification in central collisions, shown in
Fig. 3, is measured by IAA (the ratio of conditional jet
pair yields integrated over a particular range in ∆φ in
Au+Au to p+p). The IAA uncertainties include uncorre-
lated errors (σstat), point-to-point correlated errors from
the background subtraction (σsyst), and a normalization
uncertainty from the single particle efficiency determina-
tion.

Away-side IAA values for pt
T

> 7 GeV/c tend to fall
with pa

T
for both the full away-side region (|∆φ − π| <

π/2) and for a narrower “head” selection (|∆φ−π| < π/6)
until pa

T
≈ 2–3 GeV/c, above which they become roughly

constant. The yield enhancement at pt
T
> 7 GeV/c and

pa
T
< 2 GeV/c is modest and occurs without significant

shape modification (Fig. 2). When pt
T
is decreased, the

away-side IAA differs between the two angular selections
as the shape becomes modified.

Average away-side IAA values from weighted averages
of the “head” region data in Fig. 3 for pt

T
(pa

T
) > 5(2)

GeV/c are listed in Table I for both central and midcen-
tral collisions. The fits, which are not shown, cover the
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I For lowest trigger 0-20% Au+Au
width ∼ π/2 due to presence of
the double-peak structure.

I For the highest trigger and
associated pT , Au+Au widths
are similar to p + p

I Transition between medium
response-dominated lobes to
jet-like central peak in 5-7 GeV
trigger.
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FIG. 2: (Color online) Away-side jet widths from a Gaussian
fit by h± partner momentum for various π0 trigger momenta
in p+p (open circles), midcentral 20–60% Au+Au (solid cir-
cles), and central 0–20% Au+Au collisions (squares). For
comparison, an interpolation of the p+p is depicted (curve).
In cases where the best fit σaway > π/2 radians, the point is
off the plot.

the near and away side is the same as the p+p jet shape.
For pt

T
>7 GeV/c, agreement is found for all pa

T
. How-

ever, for pt
T
at 5–7 (4–5) GeV/c, the agreement worsens

sharply for pa
T

< 3 (4) GeV/c as the away-side jet be-
comes increasingly broad. For example, the p-values for
agreement between the p+p and Au+Au shapes for pa

T

= 1-2 GeV/c are very small (< 10−4) for pt
T
= 4–5 and

5–7 GeV/c, but indicate reasonable agreement (0.33 and
0.16) for pt

T
= 7–9 and 9–12 GeV/c, respectively. The

statistical precision of the experimental data does not
allow conclusion of a sharp transition in the shape; how-
ever, there is a clear indication of a trend towards either
much smaller modification or unmodifed jet shapes for
higher pt

T
at all pa

T
. To confirm this finding, we compared

the away-side distributions in Au+Au central events for
pt
T
5–7 GeV/c with pt

T
7–9 GeV/c for pa

T
1–2 GeV/c (see

Fig. 1) and find the probability that they have a common
source is small (p-value < 0.07).

The lack of large away-side shape modification for pt
T

> 7 GeV/c and pa
T
< 3 GeV/c is surprising as medium

response effects are not generally expected to decrease
at larger pt

T
. In descriptions where the medium-induced

energy loss (∆E) is nearly proportional to the initial par-
ton energy (E) [22], and where the lost energy produces
a medium response, a larger medium modification is ex-
pected for higher momentum partons. Within our statis-
tical precision, no evidence for this is seen; rather, the op-
posite is found. However, should ∆E/E fall steeply with
increasing parton pT , an increased contribution from par-
tons which have lost little energy could make an observa-
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FIG. 3: (Color online) Away-side IAA for a narrow “head”
|∆φ− π| < π/6 selection (solid squares) and the entire away-
side, |∆φ−π| < π/2 (solid circles) vs. h± partner momentum
for various π0 trigger momenta. Calculations from two dif-
ferent predictions are shown for the head region in applicable
pT ranges. A point-to-point uncorrelated 6% normalization
uncertainty (mainly due to efficiency corrections) applies to
all measurements. For comparison, π0 RAA [23] bands are
included where ptT > 5 GeV/c.

tion of the medium response more difficult. In alternative
models of fluctuating background correlations [12, 13],
the modification is predicted to diminish at higher trigger
pT as the background contribution drops, in agreement
with observations.

In addition to the shape modification measurement,
the away-side integrated yield is determined. Away-
side jet yield modification in central collisions, shown in
Fig. 3, is measured by IAA (the ratio of conditional jet
pair yields integrated over a particular range in ∆φ in
Au+Au to p+p). The IAA uncertainties include uncorre-
lated errors (σstat), point-to-point correlated errors from
the background subtraction (σsyst), and a normalization
uncertainty from the single particle efficiency determina-
tion.

Away-side IAA values for pt
T

> 7 GeV/c tend to fall
with pa

T
for both the full away-side region (|∆φ − π| <

π/2) and for a narrower “head” selection (|∆φ−π| < π/6)
until pa

T
≈ 2–3 GeV/c, above which they become roughly

constant. The yield enhancement at pt
T
> 7 GeV/c and

pa
T
< 2 GeV/c is modest and occurs without significant

shape modification (Fig. 2). When pt
T
is decreased, the

away-side IAA differs between the two angular selections
as the shape becomes modified.

Average away-side IAA values from weighted averages
of the “head” region data in Fig. 3 for pt

T
(pa

T
) > 5(2)

GeV/c are listed in Table I for both central and midcen-
tral collisions. The fits, which are not shown, cover the
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I For lowest trigger 0-20% Au+Au
width ∼ π/2 due to presence of
the double-peak structure.

I For the highest trigger and
associated pT , Au+Au widths
are similar to p + p

I Transition between medium
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FIG. 2: (Color online) Away-side jet widths from a Gaussian
fit by h± partner momentum for various π0 trigger momenta
in p+p (open circles), midcentral 20–60% Au+Au (solid cir-
cles), and central 0–20% Au+Au collisions (squares). For
comparison, an interpolation of the p+p is depicted (curve).
In cases where the best fit σaway > π/2 radians, the point is
off the plot.

the near and away side is the same as the p+p jet shape.
For pt

T
>7 GeV/c, agreement is found for all pa

T
. How-

ever, for pt
T
at 5–7 (4–5) GeV/c, the agreement worsens

sharply for pa
T

< 3 (4) GeV/c as the away-side jet be-
comes increasingly broad. For example, the p-values for
agreement between the p+p and Au+Au shapes for pa

T

= 1-2 GeV/c are very small (< 10−4) for pt
T
= 4–5 and

5–7 GeV/c, but indicate reasonable agreement (0.33 and
0.16) for pt

T
= 7–9 and 9–12 GeV/c, respectively. The

statistical precision of the experimental data does not
allow conclusion of a sharp transition in the shape; how-
ever, there is a clear indication of a trend towards either
much smaller modification or unmodifed jet shapes for
higher pt

T
at all pa

T
. To confirm this finding, we compared

the away-side distributions in Au+Au central events for
pt
T
5–7 GeV/c with pt

T
7–9 GeV/c for pa

T
1–2 GeV/c (see

Fig. 1) and find the probability that they have a common
source is small (p-value < 0.07).

The lack of large away-side shape modification for pt
T

> 7 GeV/c and pa
T
< 3 GeV/c is surprising as medium

response effects are not generally expected to decrease
at larger pt

T
. In descriptions where the medium-induced

energy loss (∆E) is nearly proportional to the initial par-
ton energy (E) [22], and where the lost energy produces
a medium response, a larger medium modification is ex-
pected for higher momentum partons. Within our statis-
tical precision, no evidence for this is seen; rather, the op-
posite is found. However, should ∆E/E fall steeply with
increasing parton pT , an increased contribution from par-
tons which have lost little energy could make an observa-
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FIG. 3: (Color online) Away-side IAA for a narrow “head”
|∆φ− π| < π/6 selection (solid squares) and the entire away-
side, |∆φ−π| < π/2 (solid circles) vs. h± partner momentum
for various π0 trigger momenta. Calculations from two dif-
ferent predictions are shown for the head region in applicable
pT ranges. A point-to-point uncorrelated 6% normalization
uncertainty (mainly due to efficiency corrections) applies to
all measurements. For comparison, π0 RAA [23] bands are
included where ptT > 5 GeV/c.

tion of the medium response more difficult. In alternative
models of fluctuating background correlations [12, 13],
the modification is predicted to diminish at higher trigger
pT as the background contribution drops, in agreement
with observations.

In addition to the shape modification measurement,
the away-side integrated yield is determined. Away-
side jet yield modification in central collisions, shown in
Fig. 3, is measured by IAA (the ratio of conditional jet
pair yields integrated over a particular range in ∆φ in
Au+Au to p+p). The IAA uncertainties include uncorre-
lated errors (σstat), point-to-point correlated errors from
the background subtraction (σsyst), and a normalization
uncertainty from the single particle efficiency determina-
tion.

Away-side IAA values for pt
T

> 7 GeV/c tend to fall
with pa

T
for both the full away-side region (|∆φ − π| <

π/2) and for a narrower “head” selection (|∆φ−π| < π/6)
until pa

T
≈ 2–3 GeV/c, above which they become roughly

constant. The yield enhancement at pt
T
> 7 GeV/c and

pa
T
< 2 GeV/c is modest and occurs without significant

shape modification (Fig. 2). When pt
T
is decreased, the

away-side IAA differs between the two angular selections
as the shape becomes modified.

Average away-side IAA values from weighted averages
of the “head” region data in Fig. 3 for pt

T
(pa

T
) > 5(2)

GeV/c are listed in Table I for both central and midcen-
tral collisions. The fits, which are not shown, cover the
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I For lowest trigger 0-20% Au+Au
width ∼ π/2 due to presence of
the double-peak structure.

I For the highest trigger and
associated pT , Au+Au widths
are similar to p + p

I Transition between medium
response-dominated lobes to
jet-like central peak in 5-7 GeV
trigger.

N. Grau (Columbia University) Two-Particle Correlations 06/08/2010 14 / 27



Results High pT

Focus on High-pT : π0 − h Widths

PHENIX arXiv:1002.1077
5

0 1 2 3 4 5 6 7
0

0.2

0.4

0.6

0.8

1

1.2

1.4

 = 4-5 GeV/c
T

 p0!

0 1 2 3 4 5 6 7
0

0.2

0.4

0.6

0.8

1

1.2

1.4

5-7 GeV/c

0 1 2 3 4 5 6 7
0

0.2

0.4

0.6

0.8

1

1.2

1.4

7-9 GeV/c

Au+Au 0-20%

Au+Au 20-60%

p+p

0 1 2 3 4 5 6 7
0

0.2

0.4

0.6

0.8

1

1.2

1.4

9-12 GeV/c

 (GeV/c)
a

T
partner p

 (
ra

d
)

a
w

a
y

"

FIG. 2: (Color online) Away-side jet widths from a Gaussian
fit by h± partner momentum for various π0 trigger momenta
in p+p (open circles), midcentral 20–60% Au+Au (solid cir-
cles), and central 0–20% Au+Au collisions (squares). For
comparison, an interpolation of the p+p is depicted (curve).
In cases where the best fit σaway > π/2 radians, the point is
off the plot.

the near and away side is the same as the p+p jet shape.
For pt

T
>7 GeV/c, agreement is found for all pa

T
. How-

ever, for pt
T
at 5–7 (4–5) GeV/c, the agreement worsens

sharply for pa
T

< 3 (4) GeV/c as the away-side jet be-
comes increasingly broad. For example, the p-values for
agreement between the p+p and Au+Au shapes for pa

T

= 1-2 GeV/c are very small (< 10−4) for pt
T
= 4–5 and

5–7 GeV/c, but indicate reasonable agreement (0.33 and
0.16) for pt

T
= 7–9 and 9–12 GeV/c, respectively. The

statistical precision of the experimental data does not
allow conclusion of a sharp transition in the shape; how-
ever, there is a clear indication of a trend towards either
much smaller modification or unmodifed jet shapes for
higher pt

T
at all pa

T
. To confirm this finding, we compared

the away-side distributions in Au+Au central events for
pt
T
5–7 GeV/c with pt

T
7–9 GeV/c for pa

T
1–2 GeV/c (see

Fig. 1) and find the probability that they have a common
source is small (p-value < 0.07).

The lack of large away-side shape modification for pt
T

> 7 GeV/c and pa
T
< 3 GeV/c is surprising as medium

response effects are not generally expected to decrease
at larger pt

T
. In descriptions where the medium-induced

energy loss (∆E) is nearly proportional to the initial par-
ton energy (E) [22], and where the lost energy produces
a medium response, a larger medium modification is ex-
pected for higher momentum partons. Within our statis-
tical precision, no evidence for this is seen; rather, the op-
posite is found. However, should ∆E/E fall steeply with
increasing parton pT , an increased contribution from par-
tons which have lost little energy could make an observa-
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FIG. 3: (Color online) Away-side IAA for a narrow “head”
|∆φ− π| < π/6 selection (solid squares) and the entire away-
side, |∆φ−π| < π/2 (solid circles) vs. h± partner momentum
for various π0 trigger momenta. Calculations from two dif-
ferent predictions are shown for the head region in applicable
pT ranges. A point-to-point uncorrelated 6% normalization
uncertainty (mainly due to efficiency corrections) applies to
all measurements. For comparison, π0 RAA [23] bands are
included where ptT > 5 GeV/c.

tion of the medium response more difficult. In alternative
models of fluctuating background correlations [12, 13],
the modification is predicted to diminish at higher trigger
pT as the background contribution drops, in agreement
with observations.

In addition to the shape modification measurement,
the away-side integrated yield is determined. Away-
side jet yield modification in central collisions, shown in
Fig. 3, is measured by IAA (the ratio of conditional jet
pair yields integrated over a particular range in ∆φ in
Au+Au to p+p). The IAA uncertainties include uncorre-
lated errors (σstat), point-to-point correlated errors from
the background subtraction (σsyst), and a normalization
uncertainty from the single particle efficiency determina-
tion.

Away-side IAA values for pt
T

> 7 GeV/c tend to fall
with pa

T
for both the full away-side region (|∆φ − π| <

π/2) and for a narrower “head” selection (|∆φ−π| < π/6)
until pa

T
≈ 2–3 GeV/c, above which they become roughly

constant. The yield enhancement at pt
T
> 7 GeV/c and

pa
T
< 2 GeV/c is modest and occurs without significant

shape modification (Fig. 2). When pt
T
is decreased, the

away-side IAA differs between the two angular selections
as the shape becomes modified.

Average away-side IAA values from weighted averages
of the “head” region data in Fig. 3 for pt

T
(pa

T
) > 5(2)

GeV/c are listed in Table I for both central and midcen-
tral collisions. The fits, which are not shown, cover the
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width ∼ π/2 due to presence of
the double-peak structure.

I For the highest trigger and
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FIG. 2: (Color online) Away-side jet widths from a Gaussian
fit by h± partner momentum for various π0 trigger momenta
in p+p (open circles), midcentral 20–60% Au+Au (solid cir-
cles), and central 0–20% Au+Au collisions (squares). For
comparison, an interpolation of the p+p is depicted (curve).
In cases where the best fit σaway > π/2 radians, the point is
off the plot.

the near and away side is the same as the p+p jet shape.
For pt

T
>7 GeV/c, agreement is found for all pa

T
. How-

ever, for pt
T
at 5–7 (4–5) GeV/c, the agreement worsens

sharply for pa
T

< 3 (4) GeV/c as the away-side jet be-
comes increasingly broad. For example, the p-values for
agreement between the p+p and Au+Au shapes for pa

T

= 1-2 GeV/c are very small (< 10−4) for pt
T
= 4–5 and

5–7 GeV/c, but indicate reasonable agreement (0.33 and
0.16) for pt

T
= 7–9 and 9–12 GeV/c, respectively. The

statistical precision of the experimental data does not
allow conclusion of a sharp transition in the shape; how-
ever, there is a clear indication of a trend towards either
much smaller modification or unmodifed jet shapes for
higher pt

T
at all pa

T
. To confirm this finding, we compared

the away-side distributions in Au+Au central events for
pt
T
5–7 GeV/c with pt

T
7–9 GeV/c for pa

T
1–2 GeV/c (see

Fig. 1) and find the probability that they have a common
source is small (p-value < 0.07).

The lack of large away-side shape modification for pt
T

> 7 GeV/c and pa
T
< 3 GeV/c is surprising as medium

response effects are not generally expected to decrease
at larger pt

T
. In descriptions where the medium-induced

energy loss (∆E) is nearly proportional to the initial par-
ton energy (E) [22], and where the lost energy produces
a medium response, a larger medium modification is ex-
pected for higher momentum partons. Within our statis-
tical precision, no evidence for this is seen; rather, the op-
posite is found. However, should ∆E/E fall steeply with
increasing parton pT , an increased contribution from par-
tons which have lost little energy could make an observa-
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FIG. 3: (Color online) Away-side IAA for a narrow “head”
|∆φ− π| < π/6 selection (solid squares) and the entire away-
side, |∆φ−π| < π/2 (solid circles) vs. h± partner momentum
for various π0 trigger momenta. Calculations from two dif-
ferent predictions are shown for the head region in applicable
pT ranges. A point-to-point uncorrelated 6% normalization
uncertainty (mainly due to efficiency corrections) applies to
all measurements. For comparison, π0 RAA [23] bands are
included where ptT > 5 GeV/c.

tion of the medium response more difficult. In alternative
models of fluctuating background correlations [12, 13],
the modification is predicted to diminish at higher trigger
pT as the background contribution drops, in agreement
with observations.

In addition to the shape modification measurement,
the away-side integrated yield is determined. Away-
side jet yield modification in central collisions, shown in
Fig. 3, is measured by IAA (the ratio of conditional jet
pair yields integrated over a particular range in ∆φ in
Au+Au to p+p). The IAA uncertainties include uncorre-
lated errors (σstat), point-to-point correlated errors from
the background subtraction (σsyst), and a normalization
uncertainty from the single particle efficiency determina-
tion.

Away-side IAA values for pt
T

> 7 GeV/c tend to fall
with pa

T
for both the full away-side region (|∆φ − π| <

π/2) and for a narrower “head” selection (|∆φ−π| < π/6)
until pa

T
≈ 2–3 GeV/c, above which they become roughly

constant. The yield enhancement at pt
T
> 7 GeV/c and

pa
T
< 2 GeV/c is modest and occurs without significant

shape modification (Fig. 2). When pt
T
is decreased, the

away-side IAA differs between the two angular selections
as the shape becomes modified.

Average away-side IAA values from weighted averages
of the “head” region data in Fig. 3 for pt

T
(pa

T
) > 5(2)

GeV/c are listed in Table I for both central and midcen-
tral collisions. The fits, which are not shown, cover the
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FIG. 2: (Color online) Away-side jet widths from a Gaussian
fit by h± partner momentum for various π0 trigger momenta
in p+p (open circles), midcentral 20–60% Au+Au (solid cir-
cles), and central 0–20% Au+Au collisions (squares). For
comparison, an interpolation of the p+p is depicted (curve).
In cases where the best fit σaway > π/2 radians, the point is
off the plot.

the near and away side is the same as the p+p jet shape.
For pt

T
>7 GeV/c, agreement is found for all pa

T
. How-

ever, for pt
T
at 5–7 (4–5) GeV/c, the agreement worsens

sharply for pa
T

< 3 (4) GeV/c as the away-side jet be-
comes increasingly broad. For example, the p-values for
agreement between the p+p and Au+Au shapes for pa

T

= 1-2 GeV/c are very small (< 10−4) for pt
T
= 4–5 and

5–7 GeV/c, but indicate reasonable agreement (0.33 and
0.16) for pt

T
= 7–9 and 9–12 GeV/c, respectively. The

statistical precision of the experimental data does not
allow conclusion of a sharp transition in the shape; how-
ever, there is a clear indication of a trend towards either
much smaller modification or unmodifed jet shapes for
higher pt

T
at all pa

T
. To confirm this finding, we compared

the away-side distributions in Au+Au central events for
pt
T
5–7 GeV/c with pt

T
7–9 GeV/c for pa

T
1–2 GeV/c (see

Fig. 1) and find the probability that they have a common
source is small (p-value < 0.07).

The lack of large away-side shape modification for pt
T

> 7 GeV/c and pa
T
< 3 GeV/c is surprising as medium

response effects are not generally expected to decrease
at larger pt

T
. In descriptions where the medium-induced

energy loss (∆E) is nearly proportional to the initial par-
ton energy (E) [22], and where the lost energy produces
a medium response, a larger medium modification is ex-
pected for higher momentum partons. Within our statis-
tical precision, no evidence for this is seen; rather, the op-
posite is found. However, should ∆E/E fall steeply with
increasing parton pT , an increased contribution from par-
tons which have lost little energy could make an observa-
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ferent predictions are shown for the head region in applicable
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included where ptT > 5 GeV/c.

tion of the medium response more difficult. In alternative
models of fluctuating background correlations [12, 13],
the modification is predicted to diminish at higher trigger
pT as the background contribution drops, in agreement
with observations.

In addition to the shape modification measurement,
the away-side integrated yield is determined. Away-
side jet yield modification in central collisions, shown in
Fig. 3, is measured by IAA (the ratio of conditional jet
pair yields integrated over a particular range in ∆φ in
Au+Au to p+p). The IAA uncertainties include uncorre-
lated errors (σstat), point-to-point correlated errors from
the background subtraction (σsyst), and a normalization
uncertainty from the single particle efficiency determina-
tion.

Away-side IAA values for pt
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> 7 GeV/c tend to fall
with pa
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for both the full away-side region (|∆φ − π| <

π/2) and for a narrower “head” selection (|∆φ−π| < π/6)
until pa

T
≈ 2–3 GeV/c, above which they become roughly

constant. The yield enhancement at pt
T
> 7 GeV/c and

pa
T
< 2 GeV/c is modest and occurs without significant

shape modification (Fig. 2). When pt
T
is decreased, the

away-side IAA differs between the two angular selections
as the shape becomes modified.

Average away-side IAA values from weighted averages
of the “head” region data in Fig. 3 for pt

T
(pa

T
) > 5(2)

GeV/c are listed in Table I for both central and midcen-
tral collisions. The fits, which are not shown, cover the
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FIG. 2: (Color online) Away-side jet widths from a Gaussian
fit by h± partner momentum for various π0 trigger momenta
in p+p (open circles), midcentral 20–60% Au+Au (solid cir-
cles), and central 0–20% Au+Au collisions (squares). For
comparison, an interpolation of the p+p is depicted (curve).
In cases where the best fit σaway > π/2 radians, the point is
off the plot.

the near and away side is the same as the p+p jet shape.
For pt

T
>7 GeV/c, agreement is found for all pa

T
. How-

ever, for pt
T
at 5–7 (4–5) GeV/c, the agreement worsens

sharply for pa
T

< 3 (4) GeV/c as the away-side jet be-
comes increasingly broad. For example, the p-values for
agreement between the p+p and Au+Au shapes for pa

T

= 1-2 GeV/c are very small (< 10−4) for pt
T
= 4–5 and

5–7 GeV/c, but indicate reasonable agreement (0.33 and
0.16) for pt

T
= 7–9 and 9–12 GeV/c, respectively. The

statistical precision of the experimental data does not
allow conclusion of a sharp transition in the shape; how-
ever, there is a clear indication of a trend towards either
much smaller modification or unmodifed jet shapes for
higher pt

T
at all pa

T
. To confirm this finding, we compared

the away-side distributions in Au+Au central events for
pt
T
5–7 GeV/c with pt

T
7–9 GeV/c for pa

T
1–2 GeV/c (see

Fig. 1) and find the probability that they have a common
source is small (p-value < 0.07).

The lack of large away-side shape modification for pt
T

> 7 GeV/c and pa
T
< 3 GeV/c is surprising as medium

response effects are not generally expected to decrease
at larger pt

T
. In descriptions where the medium-induced

energy loss (∆E) is nearly proportional to the initial par-
ton energy (E) [22], and where the lost energy produces
a medium response, a larger medium modification is ex-
pected for higher momentum partons. Within our statis-
tical precision, no evidence for this is seen; rather, the op-
posite is found. However, should ∆E/E fall steeply with
increasing parton pT , an increased contribution from par-
tons which have lost little energy could make an observa-
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FIG. 3: (Color online) Away-side IAA for a narrow “head”
|∆φ− π| < π/6 selection (solid squares) and the entire away-
side, |∆φ−π| < π/2 (solid circles) vs. h± partner momentum
for various π0 trigger momenta. Calculations from two dif-
ferent predictions are shown for the head region in applicable
pT ranges. A point-to-point uncorrelated 6% normalization
uncertainty (mainly due to efficiency corrections) applies to
all measurements. For comparison, π0 RAA [23] bands are
included where ptT > 5 GeV/c.

tion of the medium response more difficult. In alternative
models of fluctuating background correlations [12, 13],
the modification is predicted to diminish at higher trigger
pT as the background contribution drops, in agreement
with observations.

In addition to the shape modification measurement,
the away-side integrated yield is determined. Away-
side jet yield modification in central collisions, shown in
Fig. 3, is measured by IAA (the ratio of conditional jet
pair yields integrated over a particular range in ∆φ in
Au+Au to p+p). The IAA uncertainties include uncorre-
lated errors (σstat), point-to-point correlated errors from
the background subtraction (σsyst), and a normalization
uncertainty from the single particle efficiency determina-
tion.

Away-side IAA values for pt
T

> 7 GeV/c tend to fall
with pa

T
for both the full away-side region (|∆φ − π| <

π/2) and for a narrower “head” selection (|∆φ−π| < π/6)
until pa

T
≈ 2–3 GeV/c, above which they become roughly

constant. The yield enhancement at pt
T
> 7 GeV/c and

pa
T
< 2 GeV/c is modest and occurs without significant

shape modification (Fig. 2). When pt
T
is decreased, the

away-side IAA differs between the two angular selections
as the shape becomes modified.

Average away-side IAA values from weighted averages
of the “head” region data in Fig. 3 for pt

T
(pa

T
) > 5(2)

GeV/c are listed in Table I for both central and midcen-
tral collisions. The fits, which are not shown, cover the

Full
away-side yield in |∆φ− π| < π/2 (blue circles)
“Head” yield in |∆φ− π| < π/6 (red squares)
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FIG. 2: (Color online) Away-side jet widths from a Gaussian
fit by h± partner momentum for various π0 trigger momenta
in p+p (open circles), midcentral 20–60% Au+Au (solid cir-
cles), and central 0–20% Au+Au collisions (squares). For
comparison, an interpolation of the p+p is depicted (curve).
In cases where the best fit σaway > π/2 radians, the point is
off the plot.

the near and away side is the same as the p+p jet shape.
For pt

T
>7 GeV/c, agreement is found for all pa

T
. How-

ever, for pt
T
at 5–7 (4–5) GeV/c, the agreement worsens

sharply for pa
T

< 3 (4) GeV/c as the away-side jet be-
comes increasingly broad. For example, the p-values for
agreement between the p+p and Au+Au shapes for pa

T

= 1-2 GeV/c are very small (< 10−4) for pt
T
= 4–5 and

5–7 GeV/c, but indicate reasonable agreement (0.33 and
0.16) for pt

T
= 7–9 and 9–12 GeV/c, respectively. The

statistical precision of the experimental data does not
allow conclusion of a sharp transition in the shape; how-
ever, there is a clear indication of a trend towards either
much smaller modification or unmodifed jet shapes for
higher pt

T
at all pa

T
. To confirm this finding, we compared

the away-side distributions in Au+Au central events for
pt
T
5–7 GeV/c with pt

T
7–9 GeV/c for pa

T
1–2 GeV/c (see

Fig. 1) and find the probability that they have a common
source is small (p-value < 0.07).

The lack of large away-side shape modification for pt
T

> 7 GeV/c and pa
T
< 3 GeV/c is surprising as medium

response effects are not generally expected to decrease
at larger pt

T
. In descriptions where the medium-induced

energy loss (∆E) is nearly proportional to the initial par-
ton energy (E) [22], and where the lost energy produces
a medium response, a larger medium modification is ex-
pected for higher momentum partons. Within our statis-
tical precision, no evidence for this is seen; rather, the op-
posite is found. However, should ∆E/E fall steeply with
increasing parton pT , an increased contribution from par-
tons which have lost little energy could make an observa-
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FIG. 3: (Color online) Away-side IAA for a narrow “head”
|∆φ− π| < π/6 selection (solid squares) and the entire away-
side, |∆φ−π| < π/2 (solid circles) vs. h± partner momentum
for various π0 trigger momenta. Calculations from two dif-
ferent predictions are shown for the head region in applicable
pT ranges. A point-to-point uncorrelated 6% normalization
uncertainty (mainly due to efficiency corrections) applies to
all measurements. For comparison, π0 RAA [23] bands are
included where ptT > 5 GeV/c.

tion of the medium response more difficult. In alternative
models of fluctuating background correlations [12, 13],
the modification is predicted to diminish at higher trigger
pT as the background contribution drops, in agreement
with observations.

In addition to the shape modification measurement,
the away-side integrated yield is determined. Away-
side jet yield modification in central collisions, shown in
Fig. 3, is measured by IAA (the ratio of conditional jet
pair yields integrated over a particular range in ∆φ in
Au+Au to p+p). The IAA uncertainties include uncorre-
lated errors (σstat), point-to-point correlated errors from
the background subtraction (σsyst), and a normalization
uncertainty from the single particle efficiency determina-
tion.

Away-side IAA values for pt
T

> 7 GeV/c tend to fall
with pa

T
for both the full away-side region (|∆φ − π| <

π/2) and for a narrower “head” selection (|∆φ−π| < π/6)
until pa

T
≈ 2–3 GeV/c, above which they become roughly

constant. The yield enhancement at pt
T
> 7 GeV/c and

pa
T
< 2 GeV/c is modest and occurs without significant

shape modification (Fig. 2). When pt
T
is decreased, the

away-side IAA differs between the two angular selections
as the shape becomes modified.

Average away-side IAA values from weighted averages
of the “head” region data in Fig. 3 for pt

T
(pa

T
) > 5(2)

GeV/c are listed in Table I for both central and midcen-
tral collisions. The fits, which are not shown, cover the
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Results High pT

High-pT Summary

I High-pT pairs dominantly from jets

I Widths are consistent between p + p/d+Au and central Au+Au.
I Yields are suppressed with IAA > RAA

I Plenty of data at high-pT in singles and pairs to start incorporating
when testing models of energy loss.
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Results Moderate pT

Moderate pT : The Ridge

I Extended longitudinal correlations observed in association with a jet

I Exists up to trigger pT > 6 GeV

STAR Phys. Rev. C80 064912 (2009)
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Results Moderate pT

Moderate pT : The Ridge

STAR Phys. Rev. C80 064912 (2009)

I The integrated yield show a slight dependence on trigger pT .
I The spectrum of particles in the ridge is similar to inclusive particles.

I The medium response to the passage of a jet?
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Results Moderate pT

Moderate pT : The Double Peak

I Trigger: h 2.5 < pT < 4.0 GeV

I Trigger: h 1.0 < pT < 2.5 GeV

I After subtracting the flowing
background peak appears away
from π.

PHENIX Phys. Rev. Lett. 97 052301 (2006)

)!
"

(d
i-j

et
)/d

(
AB

 d
N

A
 p

ai
rs

 p
er

 tr
ig

ge
r: 

1/
N

 (rad)! "
0 0.5 1 1.5 2 2.5 3

0
0.05

0.1
0.15

0.2
0.25

0.3
0.35

0.4
(e) 40-60%

0
0.05

0.1
0.15

0.2
0.25

0.3
0.35

0.4
(c) 10-20%

0
0.05

0.1
0.15

0.2
0.25

0.3
0.35

0.4
0.45

(a) 0-5%

 (rad)! "
0.5 1 1.5 2 2.5 3

(f) 60-90%

(d) 20-40%

(b) 5-10%

N. Grau (Columbia University) Two-Particle Correlations 06/08/2010 19 / 27



Results Moderate pT

Moderate pT : The Peak Offset

PHENIX Phys. Rev. Lett. 98 232302 (2007)

Au+Au 0-20% 3-5 GeV trigger

pT ,assoc D [rad]

1-1.5 1.04±0.03±0.03
1.5-2 1.07±0.04±0.04
2-2.5 1.05±0.03±0.06
2.5-3 1.07±0.06±0.06
3-5 0.88±0.13±0.16

I The offset from π is a smooth function of Npart across systems and√
sNN .

I Independent of pT ,assoc
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Results Moderate pT

Moderate pT : Summary

I Novel structures seen in RHIC 2-particle correlation data

I The ridge
I Double away-side peak

I What does this tell us about energy loss and the medium response?

I Really, what does this tell us about energy loss and the medium
response?
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Results Heavy Flavors

Heavy Flavor Energy Loss: e − h Correlations

B. Biritz QM 2009 [open points are reflections]

Bertrand Biritz, Quark Matter 2009 April 3rd 2009

Non-photonic e-h correlations in Cu+Cu 200 GeV

Upper limits of v2 used are 60% of hadron v2 values measured with

the v2{EP} method (equivalent to v2{2}).

On the away side, there’s a broad structure or a possible double-

hump feature, even before v2 subtraction. The fit of PYTHIA

calculations for p+p has a big !2.

14/18

about 40% non-flow or fluctuation

(Gang Wang, Nucl. Phys. A 774 (2006) 515.)

0 – 20%: 3 < pT
trig < 6 GeV/c & 0.15 < pT

asso < 0.5 GeV/c

Non-photonic e-h azimuthal correlation is measured for ! range, and open

markers are reflections.
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Possible interpretations

The away side in e-h is similar to what has been observed in h-h

correlations, and is consistent with Mach Cone calculations etc.

The charm jet deflection provides an alternative interpretation.

15/18

I 0-20% Cu+Cu
I Trigger: eHF 3 < pT < 6 GeV
I Associated: h 0.15 < pT < 0.5 GeV

I Double peak structure seen before v2 subtraction
I Little to no hint of the jet-like peak in away-side
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btag dataset, High Tower > 4.3 GeV, 1.5M events

Non-photonic e-h correlations in Au+Au 200 GeV

Non-photonic e-h correlation is broadened on the away side.
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I 0-20% Au+Au
I Trigger: eHF 3 < pT < 6 GeV
I Associated: h 0.15 < pT < 0.5 GeV

I Broad away-side (and near-side!) structure is present
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Heavy Flavor Energy Loss: e − h Correlations

A. Sickles QM 2009

I Heavy-flavor correlations are seen in p+p

I Statistics are poor in Au+Au to make any strong conclusions
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Results Heavy Flavors

Heavy Flavor Summary

I Heavy flavor correlations have been measured in the 2007 data by
PHENIX and STAR through non-photonic electron triggered
correlations.

I Statistics are lacking not only from the charm cross section but from
the BR to electrons.

I Silicon tracking is required to push this further in both PHENIX and
STAR.
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Summary

And for the rest of the story...

I Experiments are still working on this problem

I More differential measurements

I Multi-particle correlations (H. Pei)
I Correlations with respect to the reaction plane (M. McCumber)

I Pinning down energy loss

I From γ-jet correlations (A. Hamed, J. Chen)
I From full jets (E. Bruna, Y.-S. Lai)
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Summary

Summary

I What is the mechanism of energy loss?

I It is happening!
I And pQCD calculations can get some of the answers.
I But no model has yet been tested with all of the data that I’ve shown

let alone what will be shown the rest of today.

I What are the medium properties?

I Still an open question for me
I Depends on weak vs. strong-coupling, cerenkov vs mach cone, what

the ridge mechanism is, etc.
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